We demonstrate up to 30 nm tuning of gallium phosphide photonic crystal cavities resonances at ~1.5 µm using a tapered optical fiber. The tuning is achieved through a combination of near-field perturbations and mechanical deformation of the membrane, both induced by the fiber probe. By exploiting this effect, we show fiber-coupled second harmonic generation with a tuning range of nearly 10 nm at the second harmonic wavelength of ~750 nm. By scaling cavity parameters, the signal could easily be shifted into other parts of the visible spectrum. Barbastathis, and S.-G. Kim, "Strain-tunable silicon photonic band gap microcavities in optical waveguides," Appl. Phys. Lett. 84(8), 1242-1244 (2004 
Introduction
Nanophotonic cavities enhance light-matter interaction and have found many interesting uses in devices such as lasers [1] , modulators [2] , biosensors [3] , as well as in fundamental experiments employing single quantum dots [4] . Photonic crystal (PC) cavities have been particularly popular due to their small mode volumes and high quality factors [5] . However, since nanofabrication techniques frequently produce cavities at wavelengths different than their intended designs, many attempts have been made to tune cavities post-processing. Mechanisms of both reversible and irreversible tuning that have been developed include local temperature control by Ohmic heaters [6] , chemical etching [7] , near-field tip perturbation [8] , photosensitive material illumination [9] , carbon dot deposition [10] , and fiber taper probing [11, 12] . Most tuning mechanisms provide a small resonance shift of only a few nanometers and are geared toward spectrally aligning cavities with quantum dots. On the other hand large resonance shifts of light-emitting cavities may prove as useful sources of tunable visible or IR light.
Here we report the broad tuning of a photonic crystal cavity using a fiber taper probe. In past studies, fiber taper tuning was limited to a few nanometers because the cavity modes were tightly confined inside the photonic crystal membrane, minimizing the effects of the silica fiber [11] . In this study, we fabricate our structures in an optically thin membrane to increase the proximity effect of the fiber taper. Additionally, fiber-induced deformation of the thin membranes increases the cavity resonance shift. We use these effects to show that the second harmonic (generated by cavity enhanced process [13] ) signal generated can be tuned by 10 nm, half the cavity tuning range.
Fabrication

Taper fabrication
Fiber tapers were fabricated in the same way as in our earlier work [11] , using a flame brushing procedure [14] in which a standard single mode communication fiber is simultaneously heated by a torch and pulled outward by motorized stages. The pull length was kept to a few mm to maintain the mechanical stability of the taper and to provide a high enough tension to drag the taper along the sample surface. Taper diameters were approximately 1 µm to ensure single-mode behavior.
PC cavity fabrication
Samples were grown by gas-source molecular beam epitaxy on a (100)-oriented GaP wafer. A 160 nm thick GaP membrane was grown on top of a 1 µm thick sacrificial AlGaP layer. Structures were fabricated with e-beam lithography and etching, as described in [15] . The photonic crystal cavities are three hole linear defects (L3 cavities) resonant around 1550 nm wavelength [5] with lattice constant a = 500 -560 nm, and hole radius r/a ≈0.2 -0.25. The onaxis outer holes are shifted by 0.15a in order to improve the intrinsic Q of the cavity. Figure 1(a) shows an SEM picture of a tested cavity. After fabrication, the PC membranes were clearly seen to exhibit bowing as was evidenced by a circular ring in the undercut region of the GaP layer [ Fig. 1(b) ]. 
Modeling
Finite-difference time domain (FDTD) simulations were performed to determine the shift in the cavity resonance frequency produced by the fiber, both from perturbation of the cavity field and mechanical deformation of the structure. It is assumed that these two effects can be decoupled and hence can be independently analyzed in simulation. We first model the GaP cavity without any perturbation as a t = 160 nm thick slab of refractive index n = 3.1 with lattice constant a = 530 nm and hole radius r = 125 nm. The fundamental mode [ Fig. 1(c) ] has wavelength 1581 nm and quality factor of about 16,000.
The effect of the cavity field perturbation by a silica fiber taper, modeled as a cylinder of refractive index n = 1.45 covering the entire length of the photonic crystal membrane, is determined by simulating the cavity resonance and Q factor as the taper is scanned along the y-axis. The cavity resonance wavelength increases linearly as the taper offset, d, is decreased; on the cavity axis (d = 0), the cavity resonance is redshifted by 16 nm from the intrinsic value [ Fig. 2(a) ]. This value is much larger than previously observed taper-induced redshifts [11] because the cavity membrane is thin, and thus the field has a long evanescent tail in the direction perpendicular to the membrane. The effective index increase of the cavity is enhanced by the greater overlap of the cavity field with the silica material in the taper. To illustrate this effect, additional simulations with slabs thicker than 250 nm exhibited shifts of ~3 nm or less.
Interestingly, Fig. 2 (b) demonstrates that there is not a monotonic relationship between taper offset and cavity total Q (Q tot ), but rather there appear to be points of enhanced coupling to the fiber (lower fiber Q, Q f ) at specific offsets. This is due to the fact that the cavity contains multiple polarization components with different parities and spatial patterns [e.g., see Fig. 1 (c)] which couple with different strengths to the fiber depending on the taper lateral offset. Coincidentally, these points correspond to reduction of the in-plane Q (Q || ) and lossy coupling into leaky TM modes [11, 16] . The maximum coupling efficiency at an offset of ~400 nm is estimated as η F = Q tot /Q f = 0.75, which is determined by taking the integrated flux through the fiber facets and comparing to the total loss. Physical deformation of the PC membrane creates additional redshifts due to straininduced elongation and the photoelastic effect [17, 18] . Since the PC membrane is very thin, the force of a fiber taper in contact with its surface can enhance the bowing of the membrane. From geometrical considerations, the membrane can elongate by roughly 2% before it touches the GaP substrate below the undercut region. This elongation is an upper limit since if the PC membrane were to touch the substrate, cavity confinement would be lost and the resonance would disappear. FDTD simulations show that if the PC membrane is within 300 nm of the GaP substrate, the cavity Q drops significantly. Therefore a realistic maximum for the membrane strain is ~1%.
Strain was modeled in FDTD as a uniform extension of both the lattice periodicity and the hole radius since the fiber taper contacts the cavity over a small region and therefore presses down on the membrane at a central contact point. Simulations indicate that for a 1% elongation, the cavity resonance shifts by 11 nm, with a linear relation between shift and elongation for other strain values. It should be noted that the curvature of the PC membrane itself produces no observable resonance shift in FDTD for the geometrically constrained bowing radius of curvature.
A final contribution to the resonance redshift is expected from the strain-induced refractive index increase of the semiconductor material. Qualitatively, as the membrane expands, the electronic band gap decreases, increasing the absorption and also the refractive index due to the Kramers-Kronig relations. This behavior is often modeled as a linear photoelastic effect given by (1):
where ε is the applied strain, p is the photoelastic coefficient, n is the refractive index, and ∆n is the change in refractive index [19] . Each of these constants is a tensor reflecting the appropriate crystal axes. However, here we take an average value for p in order to get an approximate average index increase and assume isotropic strain. For a strain of ε = 0.01, and using an average value of p = −0.11 for GaP [20] , we calculate a refractive index change of ∆n ≈0.016, corresponding to a 7 nm redshift of the cavity resonance, which is in good agreement with the frequency-refractive index relation in [21] . All together, the three effects of fiber taper perturbation of the cavity field, physical elongation of the PC membrane, and photoelastic refractive increase of GaP sum together to produce an expected redshift of over 30 nm.
Experiment
Cavity tuning
Fabricated cavities were first characterized by free space cross-polarized reflectivity with a tungsten halogen lamp [22] to measure the intrinsic quality factor and resonance wavelength. Figure 3 shows a reflection spectrum from the cavity in Fig. 1(a) , with the initial resonance wavelength of 1559 nm and the intrinsic Q factor (Q 0 ) equal to 3500. Fig. 3 . Experimental setup for performing free space reflectivity measurement and results. Broadband IR light from a halogen lamp is linearly polarized and sent to the sample through a polarizing beam splitter. Cavity coupled light is reflected off the sample and is allowed to pass through the beam splitter into a spectrometer where it is detected. The spectrum shows the resulting fundamental mode reflectivity spectrum at 1559 nm.
Fiber taper-coupled transmission measurements were performed to study the tuning behavior of the cavity. Fabricated tapers were mounted and aligned as shown in Fig. 4(a) , 4(b) and as described in [11] . A broadband IR source (Agilent 83437a) was coupled into the fiber, polarized, and its polarization rotated to match the cavity TE polarization. The output transmission signal was monitored with an Optical Spectrum Analyzer (OSA).
The fiber taper was first positioned at an offset of d = 2-3 µm and brought into contact with the PC surface. Initially this caused no change in the transmission spectrum except a slight scattering loss. Tension was then applied in a direction perpendicular to the cavity main axis (in the y-direction) and the fiber taper began to drag towards the cavity axis. When the taper reached an offset of ~1.5 µm, an initial coupling dip appeared at 1560 nm [ Fig. 4(c) ]. This signifies weak coupling and a nearly zero resonance shift since the taper was far away. As the taper was brought closer to the cavity, the cavity resonance spectrum red-shifted progressively until a maximum of 1590 nm was reached for a zero offset (i.e., taper aligned with the cavity axis). The coupling depth follows the qualitative behavior of Fig. 2(b) , which predicts maximal coupling for a 0.4 µm laterally offset taper. Also in agreement with theory is the magnitude of the total redshift which was 30 nm. In the experiment, the tensioned taper presses down on the PC membrane as it is dragged along the surface. This effect could be observed while monitoring the microscope image. Therefore, all the fiber-and strain-induced effects should be taking place for the maximum redshift attained. A close-up of the fundamental resonance tuning can be seen in Fig. 5 , which plots many intermediate points between the wavelength limits. The data show the same results from before but with finer resolution. The measured Q values for the largest taper offset, largest coupling depth, and zero offset taper are 2700, 520, and 1370, respectively. In order to decouple the two effects of taper redshift versus strain redshift, we repeat the transmission experiment by slowly lowering the taper over the central axis of the cavity while monitoring the cavity resonance. When the taper-cavity gap is below ~1 µm, the initial cavity resonance appears near the intrinsic value due to weak loading. As the taper is slowly lowered the cavity resonance monotonically shifts to longer wavelengths until a maximum shift of ~17 nm is obtained at contact. Since the taper now gently rests on the surface, strain effects are minimized and the cavity resonance is redshifted because of the higher effective index of the cavity mode. From this point, the taper was tensioned while still in contact with the cavity, enhancing the visible bowing of the membrane and causing an additional 13 nm of shift. During tensioning, the contact area of the taper to cavity was unchanged and the only noticeable difference was an increase in the bowing of the membrane. Therefore we conclude that the fiber taper and strain effects sum together to produce a large tuning range for the cavity. 
Tunable second harmonic generation
We now show that the ability to tune a resonance in a PC cavity translates into a large tuning range for the second harmonic generated (SHG) in the cavity. Gallium phosphide has a large second order nonlinearity and previous experiments have shown that the SHG signal from a PC cavity embedded in GaP can be greatly enhanced by the cavity [13] . For this experiment a different cavity with tuning range of only ~20 nm at 1550 nm was used to accommodate the tuning range of the pump laser. The fiber taper was first coupled to a cavity while monitoring the broadband transmission spectrum. The input to the fiber was then switched to a tunable infrared laser that was then scanned through the cavity resonance. As this was done, SHG signal was both collected at the output of the second arm of the fiber taper and seen optically on a CCD camera (Fig. 6) . The scanned output profile matches the expected Lorentziansquared curve as seen by the fit of the data with a Q of 2200. The second harmonic generation and collection can be understood as follows: pump light from the laser first couples into the cavity TE mode from the fiber taper, then circulating pump light is frequency doubled and coupled to a TM-like Bloch mode of the PC, finally the TM Bloch mode couples back into the taper and is detected at the fiber output. Even though the TM mode is delocalized over the full PC membrane, there is still finite field overlap between it and the fundamental TM fiber mode such that coupling back into the fiber will take place. Tuning of the SHG signal is performed by repeating the above process for several taper positions. At each new cavity wavelength, the pump laser was adjusted to match the resonance. Figure 7 shows a plot of five different SHG signals and a few matching transmission profiles for resonances between 1540 nm and 1560 nm, corresponding to a second harmonic tuning range of ~10 nm. Fig. 7 . Tunable second harmonic signal generated from the GaP cavity and detected through the fiber. Peaks correspond to maxima of the signal generated when the pump laser is zero detuned from the cavity resonance. The fiber taper is used to redshift the cavity resonance which translates into a change of the second harmonic output wavelength. Since the taper was aligned separately for each measurement there is some variation in the transmission spectrum background and SHG output signal strength.
The higher coupling efficiency of pump light into cavity attained via fiber pumping compared to free space pumping can produce a larger second harmonic signal. From coupledmode theory [23] , the steady-sate cavity energy for a fiber-coupled cavity is found to be 2η F (1-η F )P in Q 0 /ω 0 , where η F is the fiber coupling efficiency (η F = Q tot /Q f as above), P in is the input pump power, Q 0 is the intrinsic cavity Q, and ω 0 is the cavity frequency. For free space pumping the steady-state cavity energy for a cavity without a fiber is given by 2η FS P in Q 0 /ω 0 where η FS is the free space coupling efficiency of focused pump light into the cavity. A typical value of η FS for this type of cavity is 5% [13] and is limited by the spatial mode matching of the pump beam and cavity. As the second harmonic generated is proportional to the cavity energy squared, the fiber-coupled cavity can produce a signal up to 25 times greater than the free space pumped cavity for η FS = 0.05.
Conclusion
We have both theoretically and experimentally demonstrated a 30 nm tuning range of GaP photonic crystal cavities fabricated for 1550 nm operation. In these thin PC membranes, the cavity mode evanescent tail extends out farther into the air cladding and is strongly affected by the fiber taper, which introduces a large effective index perturbation. The thin membrane also allows for enhanced taper-induced bowing effects, which deform (stretch) the cavity structure and increases the material refractive index by the photoeleastic effect. By taking advantage of the χ (2) nonlinearity in gallium phosphide along with the large tuning effect of the taper, we also demonstrate second harmonic generation that is tunable over a 10 nm range. By scaling cavity parameters, the wavelength of the tunable second harmonic can be shifted farther into the visible since the bandgap of GaP is at 555 nm. Such a source could find applications in quantum optics spectroscopy [24] , biosensing, and imaging of molecules [25] .
